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A B S T R A C T
The results of scientiﬁc analyses performed on the travertine parts of the National
Monument to Francesco Baracca in Lugo di Romagna (Ravenna, Italy) are reported and
discussed. The aim of the research is an in-depth knowledge of the constituent material in
view of technological and conservation aspects, to support the ﬁrst signiﬁcant restoration
work (held in 2014) concerning the Monument created by the artist Domenico Rambelli in
1936, a masterpiece of monumental Italian twentieth century architecture. RLM, SEM/EDS,
XRD and micro-FTIR analyses were carried out on micro-samples to characterize the
different original surface ﬁnishing and the degradation phenomena. VIS-RS, RLM and SEM/
EDS investigations were also performed to evaluate the application of a nanoparticle
titanium dioxide—based coating on the stone surfaces.
ã 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The Italian National Monument dedicated to Francesco Baracca in Lugo di Romagna (Ravenna, Italy) is considered to be
one of the most relevant icons of Italian Rationalism (Fig. 1). Francesco Baracca was a captain of the Italian Air Force; he was
born in Lugo di Romagna in 1888 and died on 19th June 1918 in an air crash during the First World War (Contini, 1933;
Maineri, 1918). Shortly after his death, a special Committee decided to dedicate a Monument to his memory and the Italian
sculptor Domenico Rambelli (Faenza 1886–Rome 1972) was appointed to design and create the Monument, inaugurated on
21th June 1936 (Borghi, 1961; Cicognani, 1988). The whole monument structure has an extension of 1.040 m2 and it is an
assembly of: a stepped base, a bronze statue (representing the aviator) standing on a cylindrical pediment and a colossal
airplane wing. Each side of the wing (27.6 m in height) shows symbols related to Baracca’s military unit: the rampant horse
and the hippogriff (Cicognani, 1988; Quesada, 1986).
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20 S. Fiorentino et al. / Case Studies in Construction Materials 3 (2015) 19–32The Monument is considered to be a masterpiece of Italian monumental architecture from the 20th Century, which has
recently become the subject of particular interest as regards the study of its constituent materials and executive techniques
(Jean, 2014; Rocchi, 2007). Until now, no case studies have been published regarding Rationalist monuments made of natural
stones and investigated under material and technical aspects through a scientiﬁc multi-analytical approach. The main aim of
this research was to support the ﬁrst large-scale conservation project of the monument, performed in 2014. Multi technique
characterization of the wing’s travertine surfaces allowed the identiﬁcation of different processing techniques and ﬁnishing
characteristics of the Monument and the decay pathologies identiﬁcation. Laboratory tests for the evaluation of a protective
coating with an aqueous suspension of nano-titanium dioxide were also achieved, in order to evaluate the pros and cons
related to its application on travertine surfaces.
Fig. 1. The National Monument dedicated to Francesco Baracca in Lugo di Romagna (Ravenna, Italy).
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Scientiﬁc examinations interested the external stone surfaces of the wing, where eight micro-samples were taken. The
following techniques were used to characterize the samples:
Reﬂected Light Optical Microscopy (RLM)
An Olympus BX51 M microscope ﬁtted with a digital scanner camera Olympus DP70 was employed to observe and
document cross-sections in reﬂected light, under visible and ultraviolet illumination.
Scanning Electron Microscope (SEM) and energy dispersive X-ray spectroscopy (EDS)
Back-scattered electron images (BSE) and EDS spectra were collected on a low-vacuum ESEM FEI Quanta 200, equipped
with an Oxford energy dispersive spectrometer. The instrument is equipped with a thermal emission tungsten ﬁlament, with
probe current up to 2 mA, with image resolution of 3 nm at 30 kV. The analyses were conducted using an acceleration voltage
of 25 kV, working distance 10 mm. The analyses were performed in order to investigate materials and techniques used by the
artist to obtain different kinds of surface ﬁnishing (both untreated samples and cross-sections) and to analyse the
microstructure of both untreated and coated limestone surfaces in the evaluation of the possible use of a TiO2-based coating.
Preparation was only carried out on samples intended to be analysed to study the original ﬁnishing of the travertine. These
samples were embedded in an epoxy three-component resin (Remet Inplex) and then polished by using silicon carbideFig. 2. Travertine’s facies: (a) stromatolitic; (b) phytoherm; (c) phytoclast (mag. 10X); (d) phytopisolitic (mag. 10X).
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the TiO2-based coating were not cross-sectioned.
Fourier Transform Infrared Microscopy (mFTIR)
A Nicolet Nexus 5700 spectrometer combined with a Thermo Continuum IR microscope was employed. mFTIR analyses
were performed on cross-sectioned samples of surface ﬁnishing in the range of 4000–650 cm1, spectral resolution 4 cm1.
Visible Reﬂectance Spectrometry (VIS-RS)
A Konica Minolta CM-2600 d spectrometer was used to evaluate the chromatic response of travertine samples due to the
application of TiO2-based coatings (D65 diffused illumination, illumination/observation geometry d/8, CIE L*a*b* colour
space).
Micro-chemical spot tests
Qualitative analysis of micro samples (about 1 mg) taken from degradation products was made by the speciﬁc micro-
chemical spot tests for copper, iron and lead ions (Pinna et al., 2009).
Fig. 3. Different kinds of surface ﬁnishing: (a) smoothing and polishing treatment (mag. 10X); (b) rough surface showing the use of the bocciarda (mag.
10X); (c) rough and dotted surface obtained by using the tip of a chisel or the gouge.
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For the mineralogical characterisation of degradation products X-ray diffraction was performed on ﬁnely powdered
samples manually pressed on a Ag sample holder in a Rigaku Miniﬂex diffractometer employing CuKa1 radiation, in the
range 2u: 4–64, u scan speed: 1 min1.
3. Results and discussions
3.1. The constituent material: Tivoli Travertine
Excluding the bronze statue, the Monument is entirely made of Travertine. The name of this stone derives from the
ancient Roman name of Tivoli, which was Tibur: Tibur stone in Latin was lapis Tiburtinus, which became Travertine (Doehne,
1996).
Fig. 4. SEM/EDS analysis of a smooth sample taken from the wing: (a) surface of the sample; (b) detail of the traces of metal foils; (c) EDS analysis
demonstrating the presence of zinc (Zn) as constituting element of the metal foils.
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crystalline concretional limestone, formed by rapid precipitation of calcium carbonate (CaCO3) from water. Studies on its
formation (Siegesmund and Snethlage, 2014; Doehne, 1996; Pentecost, 2005; Waelkens et al., 1992) and structural
morphology (Capezzuoli and Gandin, 2004; Faccenna et al., 2008; Pentecost, 2005) indicate that Tivoli Travertine shows a
vacuolar-type spongy, branched and columnar structure alternated with stripes of compact stromatolitic calcite. More
speciﬁcally, different kinds of facies have been detected in correspondence with the ashlars covering the wing (Fig. 2):
- Stromatolitic facies: it is ﬁnely laminated, generated by the overlapping of millimetric foils attributable to the activity of
benthic photosynthetic organisms such as prokaryotes (i.e. cyanobacteria) and microscopic eukaryotic algae.
- Phytoherm facies: it is a vacuolar-type texture due to fouling of micro and macro-algae that form rigid scaffolding, such as
mosses and lichens.
- Phytoclast facies: it is formed by small crumbled clusters and characterized by the presence of fragments of encrusted
leaves, reeds and plants.
- Phytopisolitic facies: it shows small globular clusters (having a diameter between of few millimetres) formed by a
succession of concentric foils made of carbonate.
3.2. Original ﬁnishing: materials and techniques
The travertine ashlars covering the wing (476 in total, plus a bigger monolithic block on the upper part) showed traces of a
whitish smoothing and polishing treatment; some of the ashlars presented, moreover, small and regular round marks
indicating the use of the so-called bocciarda (a kind of chisel), probably intended to make the surface more suitable for the
Fig. 5. SEM analysis of a rough sample: details of the deep and regular scattered marks conﬁrming the use of the tip of a chisel or the gouge to obtain the
hammered effect.
S. Fiorentino et al. / Case Studies in Construction Materials 3 (2015) 19–32 25layer of the polishing treatment. Finally, the rough and dotted surfaces of the rampant horse and the hippogriff showed a
completely different ﬁnishing, maybe obtained by using the tip of a chisel or the gouge (Fig. 3).
In order to study materials and methods used by the sculptor to obtain the different surface ﬁnishing, scientiﬁc
investigations were made on micro-samples taken from the smooth travertine ashlars of the wing and from the horse,
showing a rough surface.
Morphological and micro textural analysis by SEM observations on smooth samples highlighted the presence of small
metal foils on the surface, probably attributable to traces of metal tools used in the manufacture of the ﬁnishing (Fig. 4): as
demonstrated by elemental analysis by EDS, those foils are predominantly made of zinc (Zn). By contrast, on the surface of
the rough travertine sample taken from the horse, analysis by SEM clearly demonstrated the presence of deep and regular
scattered marks conﬁrming the use of the tip of a chisel or the gouge to obtain the hammered effect (Fig. 5).
Cross-sections of one smooth and one rough sample were also prepared, in order to study their micro-stratigraphy by
RLM and verify the presence of outward layers applied as ﬁnishing. Micro-stratigraphic data did not indicate the presence of
any layer applied as ﬁnishing on the rough sample (Fig. 6). Conversely, for the smooth one, high magniﬁcation observation
(up to 200) under visible illumination allowed the detection of small amounts of white grains in the upper part of the
stratigraphy (also analyzed by SEM-EDS); inspection under ultraviolet illumination revealed, moreover, a yellow-orange
ﬂuorescence in the same part of the sample, penetrating about 200 mm inside the travertine structure (Fig. 7). As
demonstrated by Fourier Transform Infrared Microscopy (mFTIR) analysis, this ﬂuorescence is presumably due to the
presence of a fatty compound (Fig. 8). SEM-EDS analysis of the stratigraphy of the smooth sample demonstrated that the
white grains detected by RLM in its upper part were characterized by the presence of titanium (Ti), barium (Ba) and sulphur
(S) (Fig. 9). These elements can be associated with Titanium White (TiO2) and Barium White (BaSO4) and suggest the use of a
mixture of these white pigments; TiO2, in fact, was often diluted with blanc ﬁxe (BaSO4) for better working properties in
artists’ paint (Johnston-Feller, 2001, p. 71).
According to analytical data, the smooth travertine ashlars of the wing originally showed a surface ﬁnishing made of a
mixture of two white pigments (Titanium White and Barium White) and a fatty compound (probably a siccative oil). This
mixture was applied on the surface by rubbing metal tools on it, made of zinc (according to the traces found on the surface of
the smooth sample); it is highly probable that the tools used were brushes, as suggested by macroscopic observation of the
concentric and regular traces on the smooth surfaces. Such a ﬁnishing was applied to reﬁne and polish the smooth ashlars
covering the wing, in order to made them glossy and shining to evoke the idea of a real airplane wing. No surface ﬁnishing
was, by contrast, found on the hammered parts of the wing
Small particles of chrome (Cr), iron (Fe) and aluminum (Al) were also identiﬁed on the travertine ashlars and recognized
as traces of metal tools used to cut and knead them. Travertine was, indeed, generally cut in quarries; kneading and ﬁnishing
of the ashlars was then achieved at the construction site (Pentecost, 2005; Waelkens et al., 1992). Those procedures requiredFig. 6. RLM micro-stratigraphy of the rough sample: (a) 50X, visible illumination; (b) 100X, visible illumination; (c) 100X, ultraviolet illumination.
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and harder alloy.
3.3. Conservative matters
3.3.1. State of conservation
As reported in literature (Doehne and Price, 2011; Weber and Zinsmeister,1991; Amoroso and Fassina,1983; Lazzarini and
Tabasso, 1986), the analysis of degradation morphologies affecting a monument of cultural interest is fundamental not only
to determine the current state of conservation, but also to estimate possible future evolution in time to deﬁne monitoring,
prevention and conservation interventions. A preliminary macroscopic naked eye observation of the Monument was
combined with mineralogical and chemical analysis of micro-samples to localize, identify and characterize the different
Fig. 7. RLM micro-stratigraphy of the smooth sample: (a) 50X, visible illumination; (b) 50X, ultraviolet illumination; (c) 200X, visible illumination; (d)
200X, ultraviolet illumination.
Fig. 8. mFTIR spectrum of the smooth sample (in red) compared with a standard linseed oil (in green); spectrum in blue indicates the absorption of the
water. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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according to speciﬁc technical guidelines (NorMal 1/88; UNI EN 11,182:2006,ICOMOS, 2010):
Biological growth
This degradation morphology involved the foundation of the Monument, affected by the growing of plants and shrubs. In
the lower part of the wing, in correspondence to the hippogriff, the naked eyed observation revealed the presence of
endolithic lichens, owing their name to the fact that their thallus (entire body) is mainly inside the travertine structure.
Cracks
Travertine ashlars were interested by a series of individual ﬁssures resulting from the separation of one part from another.
These fractures are probably attributable to mechanical stresses suffered by the Monument, partially ascribable to the
interaction between the inner structure of the wing and the travertine ashlars.
Crusts
Thick and coherent crusts, strongly bonded to the substrate and dark coloured, were mainly localized in areas protected
against rainfall, like the low relief parts of the cylindrical base of the statue. As conﬁrmed by X-ray diffraction analysis (XRD),
these black crusts are made of a gypsum matrix (attributable to sulfatation) whose dark colour is due to entrapment of
atmospheric particles
Fig. 9. (a) SEM image (BSE) of the smooth sample; (b) EDS spectrum showing high contents of titanium (Ti), barium (Ba) and sulphur (S); (c) EDS spectrum
demonstrating the presence of chrome (Cr), iron (Fe) and aluminum (Al).
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Staining is a sub-type of discolouration, indicating a change in the stone colour having a limited extent and an
unattractive aspect. Three different kinds of stains were investigated by micro-chemical spot tests for copper, iron and lead
ions (Pinna et al., 2009):
- Green stains in the bronze statue pediment are composed of copper oxides driven by meteoric runoff water from the
bronze statue on top of the pediment;
- Red–orange stains were found positive to the test for iron ions suggesting that their growth can be related to iron oxides
driven by water from the rusting anchor bolts inside the wing's structure on the external stone surface.
- Grey stains contain lead, due to lead oxides driven by water from the lead foils inserted between travertine ashlars during
the construction of the Monument.
Patina
Traces of a yellowish patina were found on the base of the statue and on the wing, mainly in correspondence to the horse.
Analysis by XRD characterized this patina as an iron rich one (formed by hematite, limonite and goethite), which signiﬁes a
thin layer enriched in iron/clay minerals. This kind of patina is generally observed in outdoor environments, and develops
quite uniformly on the stone surface.
3.3.2. Evaluation of a protective treatment with a nanoparticle TiO2-based coating
Since the Monument is exposed outdoors, the selection of a suitable coating has a fundamental importance in the
conservative treatment, in order to prevent or, at least, reduce the onset of new degradation pathologies and to permit the
maintenance of a clean surface.
In agreement with the works supervisors (Comune di Lugo and Soprintendenza per i Beni Architettonici e Paesaggistici
per le Province di Ravenna, Ferrara, Forlì-Cesena, Rimini) and the restorers, the possible use of a coating recently introduced
and tested in the ﬁeld of Cultural Heritage was evaluated: the titanium dioxide (TiO2) in nanoparticles, also known as nano
TiO2 or nano titania.
This product has already been extensively used in different ﬁelds, such as water and air puriﬁcation, cosmetics, food
industry, anti-bacterial surfaces and building materials (Fujishima et al., 2000; Fujishima and Zhang, 2006; Fujishima et al.,
2008). With regard to the construction industry, titanium dioxide has been tested to develop so-called self-cleaning
treatments for different kinds of materials, such as cement mortars, pavements, glasses, paints, plastics (Benedix et al., 2000;
Ohama and Van Gemert, 2011). The widespread use of titanium dioxide in the construction industry is attributable to some
signiﬁcant features of this product, such as: high photocatalysis, super-hydrophilicity, chemical stability, inexpensiveness,
Fig.10. Degradation morphologies: (a) biological growth; (b) endolithic lichens; (c) cracks; (d) crusts; (e) green stains; (f) red–orange stains; (g) grey stains;
(h) patina. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fujishima et al., 2000, 2008). The application of an active and preventive protection coating could improve the preservation
of the original aspect of treated surfaces, decreasing the deposition of pollutants and, as a consequence, the onset of
degradation phenomena (Licciulli et al., 2011; Luvidiet al., 2010; Pinho and Mosquera, 2011; Quagliarini et al., 2012a,b, 2013).
The efﬁciency of TiO2-based coatings as a self-cleaning treatment on historic architectural stone surfaces has been recently
examined in different works (Franzoni et al., 2014; Licciulli et al., 2011; Luvidi et al., 2010; Ohama and Van Gemert, 2011,b;
Quagliarini et al., 2012a,b, 2013). An overview (Munafò et al., 2015) has been published on the use of TiO2-based
nanocoatings, prooﬁng the extent of their application.
In this speciﬁc study case, preliminary tests have been performed, aimed at evaluating the possible use of a nanoparticle
TiO2-based coating over the travertine surfaces of the Monument. Laboratory tests were performed on micro-samples taken
from the smooth and the rough parts of the wing, to verify if and how different processing techniques and surface ﬁnishing
might have inﬂuenced the efﬁciency and the aesthetical performance of the treatment. In particular, the application on
smooth and rough surfaces could contribute to the study of the relations between nanotreatments and substrates,
considered one of the several features that necessitate deeper investigations by the recent overview by Munafò et al. (2015).
The product selected for testing was an aqueous suspension of TiO2 nanoparticles developed in Ce.Ri.Col. (Colorobbia
Research Center, Colorobbia Italia), commercialized as PARNASOS1 PH000026 (TiO2 content 6 wt%, mean particle size
18 nm) and applied by spray coating. It was also decided to test both the commercial formula (6 wt%) and two different
suspensions further diluted with demineralized water up to obtain a TiO2 content of 3 wt% and 1 wt%. The purpose was to
assess the most suitable suspension to be efﬁciently applied to the monument so as to prevent the occurrence of chromatic
changes on travertine surfaces.
Aesthetic changes on travertine surfaces due to the application of TiO2-based coatings were monitored by VIS-RS colour
analysis. Results are summarized in Table 1. Changes of different extent were observed for smooth and rough samples,
attributable both to the titanium content and to the surface original ﬁnishing. Colour differences were evaluated by DE*ab,
calculated by difference of the chromatic values after and before the application of nano-TiO2. Variable data are given in the
literature for the values of the so-called JND (just noticeable difference) perceivable by the human eye: DE*ab = 1 is
conventionally considered the JND, but several authors consider for JND a more generic range of 2–3 for DE*ab; in the
restoration of ancient buildings and monuments, however, DE* < 5 is considered fully acceptable (Munafò et al., 2015 and
references therein).
Smooth samples treated with 6 wt%, 3 wt% and 1 wt% aqueous suspension showed colour differences DE* of 1.48, 0.84 and
2.81, respectively. These values, in the range of 2–3 are in the JND limit and well below the DE* = 5 limit, and are comparable
to the data reported in the literature (Munafò et al., 2015 – Table 1) in particular for spray coating on travertine. As concerns
rough samples, signiﬁcant changes of chromatic properties were observed for the one treated with 6 wt% suspension with
DE*ab = 6.12. Such a relevant chromatic change, with DE* > 5, also detectable by naked eye, could be partially attributable to a
greater accumulation of titanium nanoparticles ascribable to the irregularities of the rough surface due to the processing
technique. In rough samples treated with 3 wt% and 1 wt% dilutions, lower changes of DE*ab values were observed, with the
lowest value shown by the 3 wt% dilution (DE* of 2.59, in the range of 2–3 for the JND).
The microstructure of the coating on travertine substrate was observed by SEM. Treated samples did not show
aggregation of titanium particles on the surface, but the formation of a thin and uniform ﬁlm. Samples coated with 3 wt% and
1 wt% dilutions differ from the one treated with 6 wt% suspension with regard to the covering of the ﬁlm: it is deﬁnitely less
compact, as can be seen from a better-deﬁned appraisal of the micro-textural features of travertine (Figs. 11 and 12). SEM-
EDS spectra recorded on the treated surfaces show a deﬁnite presence of Ti over the whole surface, whereas, as expected, Ti
results not detectable on the unsprayed material.
The most suitable choice would be, therefore, the use of the 3 wt% dilution.
4. Conclusions
Scientiﬁc analyses allowed a detailed study of the constituent material and a proper evaluation of the conservation status
of the Rationalist Monument dedicated to Francesco Baracca, work of Domenico Rambelli realised in 1936. As regard
Table 1
Chromatic evaluation of TiO2 application.
TiO2-based coating 6 wt% TiO2-based coating 3 wt% TiO2-based coating 1 wt%
Smooth
sample
Rough
sample
Smooth
sample
Rough
sample
Smooth
sample
Rough
sample
Before After Before After Before After Before After Before After Before After
L* 74.97 75.83 63.25 68.73 74.53 73.8 58.5 59.82 82.58 79.92 73.85 70.8
a* 2.13 1.85 4.38 4.24 1.95 2.09 2.81 3.14 1.82 1.31 1.5 2.6
b* 11.26 10.12 18.04 14.9 10.5 10.89 10.06 12.26 8.31 7.58 9.59 12.11
DL* 0.86 5.69 0.73 1.32 2.66 3.05
DE*ab 1.48 6.12 0.84 2.59 2.81 4.11
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that the smooth travertine ashlars covering the wing originally had a ﬁnishing made of Titanium White and Barium White (a
mix used by artists for its working properties in oil or water based paints) diluted with a fatty compound, probably a siccative
oil. This mixture was applied on the surface by rubbing metal tools made of zinc on it; it is highly probable that the tools used
were brushes, as suggested by macroscopic observation of the concentric and regular traces on the surface. Such a ﬁnishing
was applied to reﬁne and polish the smooth ashlars covering the wing, in order to made them glossy and shiny to evoke the
idea of a real airplane wing. By contrast, no surface ﬁnishing was found on the hammered parts of the wing (the horse, the
hippogriff and the writing ad maiora). With regard to degradation pathologies affecting the Monument, the ones detected are
clearly indicative of ongoing phenomena, attributable both to exposure conditions and to the interaction between different
materials affected by aging. Finally, the proposal of a nano TiO2-based coating to be applied on travertine surfaces in order to
prevent or, at least, reduce the onset of new degradation pathologies, and to permit the maintenance of a clean surface, was
evaluated: experimental data do not suggest the choice of the 6 wt% aqueous dilution, as it is responsible for whitening on
rough travertine samples, nor the 1 wt% dilution, that could not guarantee an adequate protective efﬁciency. The most
suitable choice would, therefore, be the 3 wt% dilution, satisfactory in terms of aesthetical changes (non-detectable by naked
eye) and microstructure properties. Although the suggestion of the 3 wt% dilution, suitable for this case study, cannot be
generalized, the results show that the efﬁciency of the TiO2 based nanocoating treatment and the aesthetical changes are
related to the kind of substrate and, consequently, to the state of conservation of the stone material.
In conclusion, the overall project, besides being a valuable support for the restoration work, represented an occasion for
studying a massive and eminent artistic product of an epochal monumental architecture, symbol of recent history now
deserving a renewed attention.
Fig. 11. SEM images (BSE) of travertine samples coated with 6 wt% aqueous suspension: (a) smooth sample without coating; (b) smooth sample after
treatment with 6 wt% aqueous suspension; (c) rough sample without coating; (d) rough sample after treatment with 6 wt% aqueous suspension.
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